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By John B. Wheatlsy
SUMMARY

An aerodynamic analysis of the gyroplane rotating-
wing system is presented herein. This system consists of
a freely rotating rotor in which opposite bladss are rig-
about their span axis. =Equations have been derived for
the 1ift, the lift-drag ratio, the angle of attack, the
feathering angles, and the rolling and pitching moments”"
of a gyroplane rotor in terms of its basic parameters,
Curves of lift-drag ratio against 1lift coefficient have
been calculated for a typical case, showing the effect of

varying the pitch angle, the solidity, and the averags ~ .

blade-section drag coefficient. The analysis expresses
gsatisfactorily the qualitative relations between the totor
characteristics and the roter parameters. 4s disclosed by
this investigation, the agsrodynamic principles of the gy-
roplane are sound, and further research on this wing sys-—
tem is Justifieds

INTRODUCTION

From considerations of safe flight, it is desirable
that an eirplane should be able to fly slewly under good
control without tending %o stall or spin, and should be
area in the event of an engine failure._ The N.A.C.A,, in
pursuance of its resenrch on safety in flight, has inten-

sively studied rotating-wing systems and found that they
posesess characteristics which conform closely to these
safety requirements.,

A preliminary analysis of the gyroplane rotating-
wing system disclosed sufficient promise to justify fur-
ther wark. It was decided, therefore, to develop the de-~
talled ‘aerodynamic analyvsis of the gyroplane rotor as a

i

IJ:I [ o [ '




DR ha

2 " ¥.A.C.A. Technical Note No. 492

guide for further investigations. The analysis is based
on the auntogiro-roftor theory given in referances 1 and 2
end experimentally verified by the data giveh in reference
3. The aercodynamic similarity between the gyroplane and
autogire ig very close, the only difference being the type
of blade motion used to eliminate rotor rolling moments 1n
the two systems. N :

DESCRIPTION

The gyroplane rotor consists of four blades, the op~
posing bladey baing rlgidly connected, which rotate _freely
ttnde? the- infllence of air fottes about an approximately
vartical axis. ZEath blade bair is héld in bearings af the
hub which permit the blades to oscillate or feather freely
about the'mxis of the bearing, i.e.3; the feathering axis.

The .blade is . usually offset; swept back., or both, to place— -

the blade center of pressfire behind the feathering axis
and.thus stabilize the feathering motion., Figure 1 shows
the.rotor analyzed in fhis paper; - the blades are rectangu-
lar, and are offset and eawept back from the feathering
axis. - R .

ANALYSIS '

The aerodynamic analysis of the gyroplane is assential—
ly similar to that of the autogiro. For. this reason, the
autogire theory of Glauert and Lock (references 1 and 2)
has been used as a guide in this development. The experi-
mental verification of the autoegiro analysis {(reference-3)
is considered indicative of the validity of this treatment
of the gyroplane. .

In the general case, the gyroplane” rotor travels at a
velocity -V, .4nd the plane perpendloular to the ‘rotor axis
is 1nclined'at tHe angle o to the diredtion of flew of
tie undisturbed air. The aerodynamic analysis of the rotor
will be made in two distinct parts: . First, equations will
be developed for the region between zerod’ llft ‘and the max-
imum 1ift coefficient, and second, a method for evaiuating
the rotor forces in the vertical-descent condition will be
presented R

In the lmmediate msighborhoad of the rotor, ifduced
velocities ‘are generated by the air forces acting “on the
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".rotor. The resultant force acting on the rotor wlll _be

inclined but slightly to the rotor axis, so¢o it will be asg~
sumed that the induced velocity is generated by the compo-
méexdt of the resultant force along the axis, In the low-
angle-of-attack condition it will be assumed that the in-
duced velocity is constant in magnitude over the rotor
disk., Then, from airfoil thsory, . h :

T

v = — (l)
2m R p V!
wiére " v is the induced velocity:
"T is the rotor Thrust oo

R 'is the rotor radius

is the air density

V! is the resultant velocity at the rotor

The axial component Uz of the resultaant velocity'is
.uz"z'. v B‘in a '-. __v' . .o . = = ._i__,_;_(z)

and the component wuy of the resultant velocity in the
plane of the disk is

- - ug %“-V:éos o - e “(3)

st s- 0 B
where £ 1is théirﬁtor angular velocity and '. . R
ﬁx = R. | | | (5)

Tﬁen . -
V= (g w2 = QR O DY Ll (e

The thrust coefficient Cp will be defined by the equa-
tion

] = T—. "- o _ o
T - RB p'Qz RB' L -

. SEPOR Y
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Equatlon (2) .may be wrltt?n c R
PERTR ke QR
P \_-." :3._-.'__3 ,- )\. Q B. | V Slﬂ d. *.(?\2 + uz)l/% - - (8)

PRRICEN a0yt . PR

i nd

v, §1vidine byl b:-'ci R,

tan o = z\'. +‘..... 173 ———m i (9)
W (N’" + W)

o}
Qi
5

The feathering of the blade pair is a periocdic func-
tion of the angular positigni of thé blade. The angle of
feathering cen then be expressed as a Fourier serles 1in ¥,
the angle of-the blade from its downwind position. The
tlade position will be defined as the angular position of
the blade tip projected onto the plane perpendicular to

the rotor axis, and measured to the tip guarter~chord point.

Since opposing blades have ain’equal &nd opposite feather-
ing angle, the coeffilcients of the even multiples of ¥ in
tnea Fourler.series will be zero. Then if 9 ig the instan-
taneous pltch angle of the bladse,

8 = ag ~'ai cos ¥V -~ by sin ¥ - az cos 3} - by sin 8 (10)
where &g 1s the pltch setting of the blade.

From figure 1 1t is seen that the distance ‘from the
feathering axis of a blade element dr et r 48 ¢ R +
{ r, when the blade is offset a distance € R from the
feathering axls and has a sweepback ( R at the blade
tip. If Ugp is the blade velocity component parallel to
the rotor disk and perpendicular to the projection in the
rotor disk of a radius drawn to the blade tip,

Up =Qr+ uQ R sinV -(11)

The blade velocity component Up 1is the component per-
pendicular to the rotor disk; then - -

vp=AOR+ (¢r+er) ¥ . {12
If U is the resultant blade velccity in a plane.perpén—
dicular to the projection of ths tlade radius in the rotor
disk, and @ the angle between U and the rotor disk,



N.A,C:4A, Technical.Note No, 492 |, 5

PRI K S A T "-UT -'—-:_ U: COS cp e et IRy = -'——’(13)
and .. .. ¢ oL . ume T — :_;:—;;;}___
S vp = Uetaly T ILT )

The term A Q R is bthe: principal paff oF UP “and
is found to be less than 3 percent of the tip speed for
any reasonable get of values of the rotor characteristics,
It follows that in any part of the rotor disk in which
the resultant velocity 1s large Up is.small in compari~-
son with TUp. It will consequently be assumed that sing=
¢ and cos @ = 1, Then . -

Up = U

+ (15)
p o= @US ST

In the evaluation of the slementary air forces on
the blade, it 1s assumed that the resultant force on a
blade element lies in a plane perpendigular to the projec-
tion of the blade radius in the rotor disk, and depends
only upon the resultant veleocity in that plane.4

Tke thrust on a blade element 'dr at a radius r is

at; =4 p U car oy ¢ - - (18
where 4T ig the element of thrust on’'one blads”
c is the blade chord (assuméﬁfbdiSEén%)'
"0p, is the 1ift  coefficient of the blade element

.. - "The total thrust on the rotor is obtained by integrat-
ing th® thrust along the radius and taking the average val-
ue around the disk, It is considered advisable to allow

‘for tip lossos by assuming that the outer tip of the blade
develops no thrust; thisg outer part ie assumed to have a

span of one half the tip chord, and the radius to this part
is designated BR. A further correction is required bo ex~
press in the thrust equation the fact that the veloczty U

is negative in the region bounded by T = = u R'sin V¥ and

in that region the angle of attack of the bdlade elemenfs
reguires an expreossion differing from that used over. “tHo
roest of thedisk,  An additional torm In the thrust infe—
gral is used to correct tho exprosgion for tho.afigle of at-
tack, It is asgumcd, . prodbably. . with small erroz, that when
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“hie volocity is directed from the trailing edege toward the
leading edge of the airfoil, the 1lift curve has the sams
‘d1lope as for normal flow and the 1ift coefficient may be
expressed in an equivalent manner. The total thrust T
oﬁ~mhe rotor may be ‘expressed '

ey

rﬁUAJ). O

Dot T R S
deddy T f oAy f koo e U op dr
PP o] o] K el

.Mldhijh$

i

""E'_.,_-___z..\' nl
Ty T . o BR : | -
Zﬂ f av s 2 p c U® ¢p dr
N -uR sin ¥
B 21 -uR sin V¥ ’ . . o i3
e TR (27)
[ . 0 R A .

“wisre b is the mumber of Dblades

Cr,t is the lift coefficient in the reversed-veloc-—
ity region

On the straight-line portion of the 1ift curve

C'L = a Cf,r .
and Cp' = a op! : o (18)
where a - is the lift~curve slope in radian mpasurse

Qg .1s the angle of attack of the. blade element for
~r. ..onormal flow, measured from zero 1ift

|k

ey ﬁ;;dgr”is the angle of attack of thg blade elemont for
: w0 -- ~reversed flow, measured from mero 1ift

B +o

s

.
N P
-. vl . .”
SR

g

o

1]

Gt = =8 -9 I ¢ X3

ThdﬁéignE'df Gy and dap! are dotorminbi“by the conven~
.tion that a positive angle of nttack gives: o positivo elo-
mont of thrust, and gy or oar! is the acuto anglo; be-
..twoen: tho: blado chord and the tosultant-oair flowe . wie:.
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.+ _.Subgbituting .(18) and (19).in (17), = ¢ .- oo -
- - T 7 BR ST T :;E_Z LoT *ii::;;;é
T =2 f v f +pcaU® (8 +9)dr -
AT g Q . . o : L el T
R PR T R S N T TSR Can s AP g S o : =
ad mwn 7 prnafo oo : f : AR R L =
' v
b 21 BR . —
+. Eﬁ f - d“lf, f - i %: p < a*'Ua" (6 + CP) dr.. . em—
L | S L SO~ : 2o - e s s .
~-uR sin V¥ —
po i CtgpiTainT IR eiaY o T Lo A n¥ o eTewe =
+ 2 [ av f Lpecat® (-6-¢)dr (20) )
BT J R N _ -
e Foetd e .- i . . - - . T 'x-t--:--*".-'::'r:"-‘;.'z—";_ et
Gollectlng and rearranging, and substitutlng for E %ﬁﬁ: T
¢ from (15), o : _ e EE I
C -
' " ’ - ¥ 2 " . -
T = ;% S o aV¥v S Lt p ca (6 Uy + Up Up) dr '
I 0 : . - B I e e
.l ’ a7 S22 "‘-LuR Sinllf s L_ ik - “:;-—’—i-:_;f -—-——"i—__
- 1% f‘j'- a ¥ f o -g ple’d (G UT F Um Ug) ar _ (21) L
Sem TorTT oot TTE =
. _ L e S lesifop =
Substitute for Up and UP from (11) and’ (12Y and/
de/dt from (10), noting that .4 /dt £2. During integra- i
tion it will be assumed fthat terms Qf higher order. in Rus
than the fourth ars negligibdble, and 1t will be shown later
by inspection that ap and by are of the order u=.
The integration and s1mp11f1cation of (21) results in
_ L 253 JL p(p2s L 2 Lo, 1 g & 4o
T=2 peadb QTR <5 AM(B+ 2 )Hag (S_B+2u_._'_3 o b))
1 4 1 402 1 2 1 1.2 } o
= € Rem = = - = - =
+ 5 uai(eB B HEF S TB - 2L ¢) 5 wbi (B + T ) (22) -
and : . T. .. . :__ - " - .
1 1 2, 1 = 1L .3, 1 = 4 =
CT—gca‘{'é')\.(B_-l-é-p,)+a°(:,.5~B+§p,B— -9—11'}.{.)

+Lua(en-Fper Les®-2ut0- Luns® uS | (29

Q{4
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be

where ¢ = TR and foprasonts,’ for rectangular Dbladces, the
ratio between total blade area and swept-disk
ares.

o

The aerodynaﬁic torque on théielemené dr may~ﬁé
written

dQy =4 p U% o r dr Cp; @ ~ & p U3 c.rdr & . (Z4)

where 8 18 the avcrage proflle—drag coefficient of the
blade sectlon.

-~ -~

In numerical work, & shouwld be assigned a value that av—
erages the hilgh drag coefficients at large angles of at-
tack and the smaller cogfficlents at low angles. A valte
greater by 50 percent than the minimum is suggosted, inns~
much as the large angles of attack occur orly at 1ow vo-
locities, ;o . . . .

In tho ovaluation of cquation (24) tip losscs will be
accountod for, as in the thrust equation, by integrating
to the radius BR instcad of to R. The drag torm will,
howovor, De integrated to the tip, since the drag is more
likely to bo augmentod than diminishod whoro tho thrust
disappears.

Summlng the entiro torque and taking the average Val~
ue, oquat;on (24) bocomes

. b 7. BR .. ' £
Q = 5 [ oy 'f S P C a -6 UT UP - UP r r dr’
o]

+ 2 [ av S £pec a-{e Up Up + UPE}-r dr

- 5= [ ay J %pca{—eUTUp+UP3}rd.r



WKy Toshn1sd1 No¥e ¥o, 403 B

B RV v %.p_.cswar d.r;- f av f T % pedUr r dr
e e ° ° A . . - _. -T_UfR s.in }‘L e i .. -
Lt - —a ;.__b:__!-.k;f-__—:. _;-.é'.ﬁ;-—_ —x= S
% . -uR sinw : .= - e —

+lﬁb-J‘ dW f . % p06 UT ﬁ'gri."ff ;f . _”-nr_w$2;3"

In a steady state of rotation, the torque must be ZEeTro.
RearFanglng and equating to zero,'

L, . :; - = it N a=t

PR
RERER

2T BR
b . , w2 :
e o) heoe{om el

i
(3]
'
L

21T R o ) L e T
f d.\(!f'%‘ag - C 8 UTE r .'-_'d-r MR - o . _-—.- ;_ ITEL = T —— _—
0 0 o

[ e e 3 LA ) ) ) . - —

!
i

2T . =UR siny L L L L LIll. .. e
=2 ey Lol 26 calUp” rdr
! ] o # o o rr—

o -

..2H; ~pR siay s el e . .
J o av S tpecd Uy’ rdr=0 (26)

[y
e N

+

=gy

Integrating and collecting, and neglecting terms of higher
order tham -p*; as’in the thrust. expression; ' | T -

et

e L@ sn L2y (Lt oop. Lino R £ e 18 gy
0= = N (B¥m = )+ (5 8oB°- £ UbyB + Zelat 2 e f)

1 1 1, 42 - — -
+2;.1.ao a1 (3§B +2€B) . B _
1 2 _4 e 3 1 2 2 1 2 1 2 = -
+ (3 ("B 35 € B+ 5 ¢ BY).(5 ay +§'b1)"_ . =
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- ' A A . _=

The unknowns in (27) are W, A, and the blade-motion

. coefficients a,, by, ‘az, and Y. r The golution-for A .as .
a function of:- 'y "may be obtained by expressing the blade~

motion coefficients as functions of  and Ne The fol-

lowing consideration of the blade moticn will be utilized

to express the blade~mobtion coefficients in the desirad

form.

! The dynamic equation for ‘the’ oacillation ot a blade -
pair about the feathering axis may be writtem -

dze A tBE ' .f} . ;'
Iy 5% g‘ (ck+§r5(a—— dr-;f (€R+§r)<ﬁ—~.v+ndr (28)

atT - . - - L -
where EFL> 18 the thrustion-a”blade element dr. whex
the blade position i1is V¥ : =

4Ty is the thrust on a blads element dr when -
V+m  the blade pesttion is vy + m
Ip is the moment of inertia of the blade pair .
about the faathering axis- . —
From equations (10) end (21), =
/ d:T S . - ey .: P ._ R - S . o=

\dr Ay = % pca {(ao -"a; coa V¥ - b, sinV =‘ay qQﬁ’ﬁW

" B sta B) (@ + uOR et VY + @ + pOR sim ¥)

- v . - —

(AQR-+[€QR-+§Qr] La, sinW - by cosY 4-5a3 sin 3W =

_ 3b3 oo 3‘1[])} R . . .. B (29)

CATy N . " o : : (dTl,_ " = .
and (———_' < -ig - identical with (-] - with the sign
dr : “dr _
of each trigonometrilec function reversed,
... The reversal- of flow over a.portion of the rstreating
blade is neglected in the equation for tie feathering,

since normally both the forces and.moment arms in that _por- B
tion will be veéry swnall, e L
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From equation (10),

a3
at®

Substitute (29) and (30) in (28); integrate and collect.
Then

3, L

{22 (3 3+ L

- 1 s
su®a(€B+ (B )

¢ 3%)

g

—Zbl(%- ®3%+ 2

e tB3+ i e )+

) L

bPaaleBt & gsz)} cos ¥
3 1 2
+i4uao (—cB + CB ) + 2 pA(es + 5 ¢ B°)
+ Zal(% e+ §€§33+ -}*-ﬁaza )-2b (—-e‘.B + —:13 )
- 3 yPraenr 3 E8) Fatny

' _ 142 1.3, 144
{.Lz al(t-B'l' ECB \—Zas(—z-eB + ZﬁB )

vl | o

g

2 , el T
&2 = Q (aycos ¥V +b, sinVy +9%azcos 3 + 9by sin BY) (30)

- 6ba(F €23+

ST

¢ (B + % §234)} cos 3V _ o
1 1 pq2 L 22, 2 sy L 250
+ {2 °by(eB+ = (B )+6a3(.3 P+ e’ 208

-2 bs(%‘-EZZBS + % ¢ :B"')} sin 3y

21
= ___2__ (a; cos ¥V + bl sin ¥V +9a; cos 3Y+9bs sin 3V)
pca R

o (31)
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EIP
Let ————x = Y
pca R
e + 28 =K,
= e B+ % ¢t B° = K,

W
™
>
+

QY

c t 3%+ 1 ¢ 3* = x,

Substitute the above im (31) and eguate the coefficients
of corresponding trigonometric terms; then

a, (Yy+2K + % u? K3)= =2biXe+t % uaaaKs )
by (v+2K, + g W? K3)=4pa,Ka+2i N Ks+2a;EKa+ & u®bsKs
- (32)
8s(9y + 2Ky + UPKs) = = u® a1Ky - GbaKs
ba(8y + 2K1 + p°Es) = & u® bi¥s + GaskKe .

The coefficients € and ¢ will normally be of the or-
der of 0.1 or smaller. The term X, is then of the sec-
ond order with respect to ¥;, X, and XKz. A first approx-
imation to the solution of (31) may be obtained by neglect-
ing Ks4. Then o o B '

4, W ag + 2Eg W A B
p ry® .

4(9y + 2%, + u? X5)

Y + 2Ky + 5 p? Ky -

U«*a_ Ks_ 1_’1

2(9y + 2E; + u® E3)
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ST T LR, by - = o=
8y = P (85)
(v + 2K, + = u® X.) k- 5

Y Tl )T 4oy + 2R, + P Ey)

' P Ep ey 3u® Ky Ky by (36)
2(9y + 2Ki + p® Ks) (9y + 2Ky + p® Kg)

Equations (33) to (36), inclusive, show that a,, b,

aaitand bs ?areu;inear
these equations in the
ratic in A,  the only
A simple., "The larger,

in the solution corresponds to a positive angle of attack;
or negativs,

the smaller,
angle of attack.

functions of )\. Substitution of

torque eguation results in a quad-
unknown, making the solution for

or positive, value 6f N obtained

value corresronds to & negative

The aerodynamic pitching moment is easily determined

from a consideration of the thrust variation with V.
is-the pitching moment about an axis passing through

M
the rotor axis
277

=2 7

11 B

M= dr

Substituting from (16),
collecting

L
8

¥ = % bepa QB

BR
1 v/ (g
o]

4, 1 =2
B:i(B'l"'z‘IJ' BY)+ 3

s

(37)

r cos ¥ dr

(18), and (19), integrating .and

= (S BS+CB4)} (38)

The reverssd flow is again ignored here as being of negli-

glble importance.

Similarly,
~p 2T B
Lt= 5= J a4V J/
_T o v o

and

the'roliiné momeht

TN
G—f}‘) r sin ¥ dr

L! may be written

(39)
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. , .
Lt= -1 bepa 0°R” {% WA 3%+ 2 pagd®+ Lay(f e’ ¢

8

1 4 ;_3_ 3
Sl e B0 B} o (40)

The energy losses in the rotor arise only from the
gensration of thrust and the profile drag of the blades.
Then - ' ” ’

_T R ' ' )
YD = vI + 2 J a¥ / % p c 8 0% ar
21 4 g _
5 2T -uR sin V¥
- Loav/ ¥ pcdUdr (41)
T o]

the second integral belng added to account for the re~-
versed vedlocities. 3But

- L = T cos @ (42)
fhen
D T 1 oy 2T B
o Y % B . 3
L. VT cos oc+V'.E cos a 21 Uf d‘lfof £pc 8 U?ar
L s 27 -uR sin V¥ -
- o X ; a
YT cos O T é. av gﬂ % p ¢ § U%ar (43}
Integrating and simplifying,
D % C o8(1 + 32 + 2 %)
- . " T + 8 o (44)
L 3 3\ 1/2
plp® + X) 8 Op

The 1ift coefficient of the rotor Cp, may be ex-~
pressed in terms of Cp from the following equation:

P

L = Cpn, 3 V° m B® = T cos «

= Gn 7 R® p Q° R® cos a - - {45)
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1, = Cr ?-—Q—agﬁi cos o= ot _‘_’:33 2o (46) o
v 0 o

éﬁbétituting for Cp in (44) i - -

_]?._"QDr _ 08 (1+3u2+ % w*)cos3 o . C_I’r o (27

L—-GLr 4.3 ¢, 4 cos® a(k2+u2)l/2

where GD¥ igs the roto£ drég ¢§éfficient. :

5 small angles

. = ST Ve R

of incidence, A 1s negligilble with respect to |, and
¢os o 1is nearly unity. Then P : e

o 8(1 + 8 u2 + 2 p%) 0 on”?
. = + (48)
Dy 4”-'3 4

illustrating that at small angles of attack the drag coef-
ficient can be expressed as the sum. of a profile and an
induced~-drag coefficient. ' -t

- The preceding equations (specifically (9), (23), (27),
(33), (34), (35), (36), (38), (40), and (44)) determine
completely the low—angle-of-attack operation of a gyroplane
rotor when its physical dimensions and constantg are known.
The first step in the application of thesse equations is to
determine &,, bi, &h, bz as functions of M for an assumed
sories of values of | ranging from 0,07 to 0.6. The _
next step” is to solve the torque egquation for A, after
which the angle of attack, 1ift coefficient, and drag co-
efficient may be determined from the equations gilven.

The rotor loading determines V for a given 1ift coeffi-
cient, and the tip speed can then be found from 4, @, and
V. T : . e R

‘—In the high~angle-of-attack range, say from 50° to 90°,

the egudtions previously developed give erroneous results.
Tt 'is suggested that the drag coefficient at an angle of
attack of $0° be calculated by the following method, based
on an empirical relationship obtained in wind-tunnel ex-
periments (reference 4). ——

Figure 2 shows a curve obtaired from reference 4 that
defines the relationship between the thrust coefficient
of a propellor based on speed of translation and the thrust
coefficient based on the velocity of tiae air in the neigh-
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borhood of the propélier.. The expressions are.
: T '

and

S ¥ = e T (80)
. . . T 'lzh‘ﬂ' R 0 'U.z )

where wu, is the axial flow at the propeller and f and
F-..are -thrust cosfficients. - Since .

w, = AOQR T (51)

(from equation (12)), equation (50) becomes
' o c
_T (

= == 52)
2N
and if Cp ' is the rotor drag coefficient at .90° ~angle
of attack, ' T -
015 I e e Tl SR -(58)

r % p:v- T R : =

Equation (52) is. evaluated from eguations (23) and (27);

the proper value of 1/f 1is then obtained from figure B

from the branch of the curve labeled "windmill decelerat-
ing state," and CD - follows at once.

Some indication has been obtained from an isolated
test (reference 5) that in the high-angle~of-attack range
the resultant force coefficient Crp 1is constant and equal
to Cp ' Cy, and Cp then. become equal to Op .cos a

T T r

and Oy sin «, respectively, where « nay be calculated

from (9)., The usé of this relationship is not recommend-
ed without more general verification.
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LIST OF SYMBOLS e T )
SRR T A o R Lo E ) ..
Velocities: ) -
: e R fosa e mora e JTTE¥E = I
v, velocity of translatlon of rotor "_
QR, tip speed of rotor e B PR — ‘?f%
7, induced axial velocity at rotor i ) mj
V1, resultant véiééi’éy at ;ét;i{'—'" fETEOTER. R e
ii&;:-fgéﬁp;;;;; gé: V:” in plane of disk e & f—%jiiffé%
u,, axial component of V! . “f____fi:;
U, fegiltant velocity at blade element perpendicu-
lar. to blade span axis )
U, component ofl %'—iarall;l—:o-dléé_*_ o N T
Up compoﬁéﬁt of U perpendicula® to aisk — ]
Forces : o . — e e T R =
T, ‘rotor thrust R _;;;'35'? "iE
Ly, roter lift ° . . = .. e - -
D., vrTotor drag o o A_ji i
D.t, rotbf.dpég at ?od:éégle_oflétfaék o - ;f
Moments: B ._t
Q, rotor torque about axis, of rotation - i .
M, rotoer pitching moment
L, rbtor rolligg moment = —
. Angles: ) B ;=ii?i;
v, -;azimch-aﬁéletof-%i;de._ o ".;;j;“:i B __ ié%?
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Angles (cont.):
¢, acute angle bggiéééﬁ U“ éﬁ& plane of disk -
e, instantaneous blade pltch angle et
ag: pPpitch seégg;; ;E b;;é;fwg,u S

Rotor constants:

L v o Vd e fan e T T T A e

a, 1ift curve'slepelof %ie&e'p}ofiie

N e by b P
Ip, moment of inertia "of blade pair about feathering
axis ol (TN IL S ' v, - ," '. iy )
C, blade chord I T
- Ryt oomeborszadius L ipld e riss o o e T
im0 e P a R¥:
Y, mass constant of blade pair = ~——f—~—~
e .o s s . .._.__.'.-._.‘P.._ . —_— .
€R, offset of blade from feathering axls _
. W S e W - e ..I..

R, sweepback of blade tlp from feathering axis-

ag, golidity or ratlo between total blade area and
disk ares : ' - :

8, average profile drag coefficienté:of blade pro-
file-
B, factor expressing allowance to be made in intesrat~

ing alohg radius té: sccount for tip losses

Coeificients: —— -
T .
Cp, thrust~edefficient s —fwgr—tg——s v e
™ R p Q" r
_ Lr', :
Cy..» rotor lift coefficient = . ———tz—m—g 'z -
r . -1— ) . . KRS
5 P v T R
£, propeller thrust coefficient based on undisturbed
Velocity = T e .7 e TR '.":-_‘_:7;.,_._._..*. ey e

2mR?pvV®

B e e
ST Y] : I3 AR s
R A N 2h em -
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Coeff1c1ents (cont ) s - __;%:
F, propeller thrust coeff101ent based on 1oca1 veloc~ o=

= - =

ity at propeller = — 5 = =

2 . R p uz Py

#nT;Cﬁgﬂﬁrotor-d:ag-coefficient a2t 90° angle of attack =

':. E T Dr ! v -\ . - . _ (R - _o. U __Z
R T S | ==
Miscélldneous-7ﬁ5a ”:_ N T '“”.‘  _7¥:?~;;5ff§E?f

‘g# Tratio between component of speed of translation
] ”in plane of dlsk and tip epeed == -

s
S — = Sk

A, -ratio between axial compbnent of resqltanf'tranéla—

e

" tiomal velocity and tlp spaed TR =

. EXAMPLES- .. ocou_. T TS T =

0 Ty

1
o

In ordér fo illustrate the influenqe of the rotor pa—
rameters on the over-all performance of the rotor, curves
of - L/D ‘as functions of CL have been calculated for a

typical rotor having the followinﬂ charactqrisflcs

e =0 daniTETT L
¢ = 0.10 : 5 T emt 5?1;;;::___‘“"_3
.o = .0.10 . - _ _____ =
'ao.= 0.0698 rad. ='49f:_{_:_i -";5-_1 - ___;
s = 0.,0120 B i _---
br a, = 5,00 . ., ., recTer vt T —
. voo= (').004:' )
toE - = 0,950 N “;:5: —

Figures 3 to 5, inclusive, show taoe effect of varying g >
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S . .
- "

o, and 8., The calculated longitudinal and lateral posi-
tions of the rotor center of pressure in terms of percent
of the radius are shown in figure 6 for the typical rotor.

T e . L. F . . a . emaw

DISCUSSION

,,ﬂnmhe .development of an aeradynamic. theory\of thawgyro—
planeé in a mathematical form necessarily involves §impl i-

fications and assumptions. The major sources of error in

this theory ars ths assumptions made concerning the uni~ "
formity of the inflow and the esquality of tam @ with Q.
The inflow probadbly varies materially over the roton area,
considering the form and relative: positions G the blade
tip vortices. The influence of the vaiform inflow is a
rough average of the influence of the noﬁﬂniform inflow,
however, and should introdidce no 'sériouns errors in the ex-
presslons for the net forces. . The angle ¢ is large only
when the resultant veloclty is small, 80 that again the
errors in the net forcés aré stiall,

Errors of lesser 1mportance are introduced by the as~

sumptions that the aerodynafiic force on the blade element
is independent of velocities along the blade radius, and
that .the tip losses are,calculable by the method given,
Sone energy will be diéﬁipatgd in the skxin friction be-
twcen the bladg and the radial a1r flow, but since any
computation of this energy lo&s would be an approximation
it was thought ‘bestuto:mégledt ity It seems reascnable .
to expect this factor to be small. Tip losses have been
taken into account approximately, ‘although tie accuracy’
of the assumption made concerning the effective radius
(BR) 1is uncertain, .

The treatment given in this .paper considers the sim-
plest form of a blade ~ one with congtant chord aud plitch
angle; a eimilar treatment, however, can be applied to any
blade in which the chord or pitch angle is 2o gilven func-
tion of the radius, It is only necessary to substitute
the given function for ¢ and ag before integrating:
from O to R along the radius, and the result obtained
will express the desired relation. It should be remem-
bered, however, that thils asrodynsmic amalysis in its sim-
plified form is of doubtful value quantitatively, although
its qualitative accuracy should he satisfactory.
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The illustrative examples presented in figures 3 to 5
show the type of variation in 1ift—-drag ratio to be ex-
pected with changes in the. rotor constants. It is infer-

esting to note that & small solidity is advantageous only
at very low 1ift coefficients. The increasé in 1iff-drag
ratio with pitch angle is somewhat misleading, since with
norhal airfoils the pitch angle can be increased but '
slightly beyond 4% without adverse -effects upon the auto-
rotatian. Figure 6 shows the variation in pitching and
rol¥ing centers of pressure with 1ift coefficient; the
rollihg moment arises from the fact that the center of
thrust is at o greater distance from the hub on the re-
treating blads, so that for swept-back bladses the thrust
twisting moment on this blade balances the twisting moment
‘of & smaller thrust on the opposite bladse. ' ' ’

Thé application of the aerodynamic principles present-
ed here is essentially a structural problem. The Dblads
pair is stressed in bending and tension, and ye% must be
held in the hub in bearings that permit free rotation. '
Torsion in the blades must be considered in relation to
possible vibrations. ©No insuperable difficulties are an-
ticipated, however, since the obstacles to be overcoms
are for the most part similar fto those successfully dealt
with in the autogiro.

CONCLUSIONS

The gyroplane is aerodynanically scund, and its prom-
ise justifies further research. o

The aerodynamic theory of the gyroplane here developed
expresses satisfactorily the gualitative relations between
the rotor characteristics and the design parameters of the
rotor,

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., January 6, 1934.
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Figure 1l.-Gyroplane rotor
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Figure 2.-Propesller thrust coefficients based on resultunt ve-

locity and velocity of translation.
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_Fig. 4
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Figure 6.-Gyroplsne rotor center-of-nressure travel as a fuaction of
rotor 1ift coefficient.



